Introduction
Chemotaxis is a vital process in a wide variety of organisms, ranging from bacteria to vertebrates (Baggiolini, 1998; Campbell and Butcher, 2000; Crone and Lee, 2002) . Chemotaxis is achieved by coupling gradient sensing to basic cell movement. The difference in receptor occupation between each side of the cell leads to an internal polarization. A pseudopod is extended at the side with the highest receptor occupation while at the same time pseudopod formation at all other sides is repressed or existing pseudopodia are retracted, resulting in directional cell migration Postma et al., 2004a) .
It has been well documented that local areas of high phosphatidylinositol (3,4,5)-trisphosphate [PtdIns(3,4,5)P 3 ] concentrations [PtdIns(3,4,5)P 3 patches] are associated with increased concentrations of F-actin and pseudopod extension in neutrophils and Dictyostelium cells . PtdIns(3,4,5)P 3 is synthesized by PI3-kinases (PI3Ks) and degraded by 5-phosphatases such as SHIP and synaptojanin or by the 3-phosphatase tumor suppressor PTEN. In Dictyostelium, PtdIns(3,4,5)P 3 is degraded predominantly by PTEN (Iijima et al., 2004) . Cells with a deletion of the pten gene show a substantial increase of PtdIns(3,4,5)P 3 levels, and a much broader leading edge both of PtdIns(3,4,5)P 3 patches and protrusions.
These very clear data have led to the convincing hypothesis that the local formation of PtdIns(3,4,5)P 3 at the side of the cell closest to the source of chemoattractant provides the directional information for chemotactic movement in Dictyostelium and mammalian cells Merlot and Firtel, 2003; Parent et al., 1998) . However, several observations suggest that this might not be the complete picture. The PI3K inhibitor LY29004 strongly inhibits cAMP-stimulated PtdIns(3,4,5)P 3 production, but has only minor effects on chemotaxis (Andrew and Insall, 2007; Chen et al., 2003; Funamoto et al., 2002; Loovers et al., 2006; Takeda et al., 2007) . Furthermore, deletion of the genes encoding two cAMP-stimulated PI3Ks, which results in the near complete inhibition of detectable PtdIns(3,4,5)P 3 production , leads to only partial inhibition of chemotaxis in steep gradients (Funamoto et al., 2001; Loovers et al., 2006; Takeda et al., 2007) . A study was recently conducted in which all five genes encoding recognizable type-I PI3Ks were disrupted, but cells still exhibited relatively good chemotaxis towards cAMP (Hoeller and Kay, 2007) . However, movement of the PI3K mutants was not normal; they were slower and orientated poorly in weak gradients (Hoeller and Kay, 2007; Takeda et al., 2007) . These data suggest that PtdIns(3,4,5)P 3 signaling is dispensable for chemotaxis in steep gradients, which leaves us with two important questions: what is/are the other pathway(s) that mediate chemotaxis in pi3k-null cells, and what is the contribution of PtdIns(3,4,5)P 3 to chemotaxis in wild-type cells? Recently, it was demonstrated that PLA2 and soluble guanylyl cyclase (sGC) partake in alternative pathways in Dictyostelium; inhibition of the PI3K, PLA2 or sGC pathway had small partial effects on chemotaxis, whereas simultaneous inhibition of all pathways nearly completely inhibited chemotaxis (Chen et al., 2007; van Haastert et al., 2007; Veltman et al., 2008 important roles in chemotaxis Lee et al., 2005; Postma et al., 2004b; van Haastert et al., 2007) . We investigated the potential role of PtdIns(3,4,5)P 3 in the chemotaxis of wild-type cells. Several observations suggest that inhibition of PI3K reduces chemotaxis in shallow cAMP gradients, but not in steep gradients (Loovers et al., 2006; Takeda et al., 2007; van Haastert et al., 2007) . We have been long confused by this observation because, in wild-type cells, strongly labeled patches of the PtdIns(3,4,5)P 3 detector, PH CRAC -GFP, at the leading edge are detected in strong cAMP gradients, but not even weak PH CRAC -GFP responses at the leading edge could be detected in shallow cAMP gradients, in which these wild-type cells exhibit excellent chemotaxis (presented here in Fig. 1B) . Thus, how could PI3K mediate chemotaxis in shallow gradients if there is no PtdIns(3,4,5)P 3 formation detectable? We developed a novel method that discriminates better between PH CRAC -GFP in the cytosol and at the boundary of the cell so that it has approximately tenfold higher sensitivity to detect PtdIns(3,4,5)P 3 responses then previous methods. Using this method, we show two types of PH CRAC -GFP-PtdIns(3,4,5)P 3 responses: a small PtdIns(3,4,5)P 3 response in shallow cAMP gradients that is proportional to the gradient, and, as reported previously, a strong PtdIns(3,4,5)P 3 response in steep cAMP gradients. The PI3K inhibitor LY294002 inhibited both responses. Analysis of cell behavior in steep and shallow gradients with and without PI3K activity revealed that the strongly labeled PtdIns(3,4,5)P 3 patches are associated with an approximate twofold increase of the cell speed. The presence or absence of these PtdIns(3,4,5)P 3 patches had little effect on the strong chemotactic response in steep gradients. In shallow gradients, inhibition of PtdIns(3,4,5)P 3 signaling led to a strong reduction of chemotaxis. Overall, the contribution of PtdIns(3,4,5)P 3 signaling to directionality in shallow gradients and speed in steep gradients leads to a two-to six-fold faster migration towards a chemoattractant when compared with cells in which PtdIns(3,4,5)P 3 synthesis is blocked. Thus, although the PtdIns(3,4,5)P 3 signaling pathway is dispensable for chemotaxis in steep gradients, it plays an important role in chemotaxis and natural aggregation.
Results
Formation of PH CRAC -GFP-PtdIns(3,4,5)P 3 patches in steep cAMP gradients
In order to investigate the function of PtdIns(3,4,5)P 3 in Dictyostelium chemotaxis, we made use of the established PtdIns(3,4,5)P 3 -binding PH domain of CRAC, which was fused to GFP. Consistent with previous reports (Parent et al., 1998) , we found that when cells were stimulated with a micropipette filled with 100 μM cAMP, they formed distinct regions towards the pipette that were highly enriched in PH CRAC -GFP. Throughout this manuscript, these regions are termed patches. As explained later, we define a patch as a region at the cell boundary with an average GFP signal that is ≥1.5 times the mean fluorescence of the cytosol, has a minimum size of 2 μm and lasts for at least two consecutive frames (4-8 seconds/frame). These patches of PH CRAC -GFP were observed in about 80% of the cells very close to the pipette (<20 μm), but were virtually absent in cells beyond a distance of 100 μm (Fig.  1A,B) . Patch formation in 40% of the cells was observed at a distance of 50 μm. At this distance, the cAMP concentration was 200 nM and the absolute gradient was 2000 pM/μm (see Materials and Methods). Cells show a significant chemotactic response (threshold chemotaxis index=0.2) up to 1000 μm from a micropipette with 100 μM cAMP (Fig. 1B) . At this distance, the cAMP concentration was 5 nM and the absolute gradient was 5 pM/μm. These findings suggest that PH CRAC -GFP patches are formed only when the gradient of chemoattractant across the cell is above a certain threshold, approximately 1000 pM/μm.
Role of PtdIns(3,4,5)P 3 patches in steep gradients
To deduce the function of PH CRAC -GFP patches in steep gradients we determined several aspects of chemotaxis and cell movement at a distance of 40-60 μm from a pipette filled with 100 μM cAMP.
Journal of Cell Science 121 (21) In this region, about 50% of the cells exhibited a PH CRAC -GFP patch at the leading edge, whereas the other cells displayed a cytosolic distribution of PH CRAC -GFP (Fig. 1A,B) . These two groups of cells were exposed to the same cAMP gradient, and were in dynamic equilibrium because cells without a patch often obtained a patch somewhat later and vice versa. Quantitative analysis of the movement of the cells revealed that cells with a PH CRAC -GFP patch essentially had the same chemotaxis index as cells without a PH CRAC -GFP patch (Fig. 1C) . By strong contrast, cells with a PH CRAC -GFP patch exhibited a nearly twofold higher speed than cells without a PH CRAC -GFP patch (Fig. 1C) .
This twofold difference in speed matches our previous observation that pseudopodia that originate from PH CRAC -GFP patches are two times larger than pseudopodia that were not initiated by a patch (Postma et al., 2004b) . These findings strongly suggest that, in steep cAMP gradients, the PH CRAC -GFP patches at the leading edge are responsible for the enhanced speed of the cells, but are not essential for chemotactic orientation. This conclusion is consistent with the observations that, in steep gradients, both pi3k-null cells and wild-type cells treated with the PI3K inhibitor LY294002 had the same chemotaxis index and speed as wild-type cells without PH CRAC -GFP patches (see supplementary material Table S1 ).
PI3K and chemotaxis in shallow cAMP gradients
To investigate the function of PtdIns(3,4,5)P 3 signaling in shallow cAMP gradients (below 1000 pM/μm), we performed three assays to measure the chemotaxis index and speed of control cells and cells with inhibited PI3K production ( Fig. 2 ; supplementary material Table S1 ). Because LY294002 might not be completely specific and might inhibit pathways other than that of PI3K, the experiments were also performed with cells in which the pi3k1 and pi3k2 genes have been deleted (pi3k-null cells), which show a >90% reduction of the cAMPinduced PtdIns(3,4,5)P 3 accumulation (Funamoto et al., 2001; Huang et al., 2003) . The data are in part identical to those published (Loovers et al., 2006) , and were supplemented with additional data at other cAMP concentrations. The first experiment was performed by placing droplets containing cAMP next to droplets containing cells on an agar plate, revealing that inhibition of PI3K activity with LY294002 or by deletion of two pi3k genes leads to a reduction of chemotactic activity at low cAMP concentrations, but not at high cAMP concentrations ( Fig. 2A) . The second experiment was performed using a modified Zigmond chamber (Veltman and Van Haastert, 2006) . We found that, under these conditions, the chemotaxis index was not affected by LY294002 when 1000 nM of cAMP was used in the source chamber, but was strongly inhibited at lower cAMP concentrations (Fig. 2B) . Finally, the chemotaxis index of cells moving towards a micropipette filled with 100 μM cAMP was analyzed at different distances from the pipette. As shown in Fig.  2C , chemotaxis was hardly reduced in pi3k-null cells or by LY294002 in wild-type cells at short (<100 μm) distances, whereas further away from the pipette chemotaxis was increasingly inhibited. These findings suggest that, in shallow gradients, the PI3K pathway plays an important role in chemotaxis, consistent with previous observations (Loovers et al., 2006; Postma et al., 2004b; Takeda et al., 2007) . Activation of the PI3K pathway is most probably required for cAMP production (Loovers et al., 2006) : because cAMP relay may enhance the cAMP gradient far away from the pipette, the reduction of chemotaxis in cells with inhibited PI3K activity could be caused by the absence of cAMP relay. However, inhibition of cAMP relay using 2 mM caffeine has no effect on chemotactic activity (Brenner and Thoms, 1984) in steep or shallow gradients (P.J.M.V.H., unpublished observations), suggesting that cAMP relay does not play a crucial role in chemotaxis.
The input signal for chemotaxis is probably a spatial gradient of cAMP (Mato et al., 1975) . Therefore, we expressed the chemotactic index obtained with these three assays as a function of the spatial gradient, which was calculated according to the equations presented in the Materials and Methods. Fig. 2D shows that the three assays yielded essentially the same results, with half-maximal chemotaxis at a gradient of 50 pM/μm and threshold chemotaxis (CI=0.2) at 6 pM/μm. Upon addition of LY294002 or by deletion of two genes encoding PI3Ks, the chemotaxis in shallow gradients was inhibited and the threshold for chemotaxis increased ~tenfold to 60 pM/μm. Furthermore, half-maximal chemotaxis was obtained at 225 pM/μm. In steeper gradients (above 750 pM/μm), the chemotaxis index was not affected by LY294002 or deletion of pi3k genes. These data suggest that PI3K inhibition leads to reduced chemotactic orientation in shallow gradients.
PH CRAC -GFP-PtdIns(3,4,5)P 3 localization
The above mentioned results strongly support a role for PtdIns(3,4,5)P 3 signaling in shallow gradients. However, we were not able to detect clear PH CRAC -GFP patches at the leading edge in shallow cAMP gradients at distances beyond 100 μm from the pipette, i.e. below 500 pM/μm (Fig. 1A) . As outlined below, assays detecting the redistribution of a GFP marker from the cytosol to the plasma membrane have a restricted sensitivity (see also Materials and Methods for more theoretical information). In confocal microscopy, fluorescence is typically detected in pixel elements with dimensions of 200ϫ200ϫ1000 nm (in x, y and z direction). A pixel element at the boundary of the cell will contain cytosol, plasma membrane and extracellular volume. We calculated that, for a Dictyostelium cell, approximately 70% of the pixels are interior and about 30% are at the boundary of the cell (see Materials and Methods). Assuming that, in unstimulated cells, all PH CRAC -GFP is cytosolic, the boundary pixels will have an average fluorescence intensity that is half the fluorescence value of the interior pixels. When cAMP induces a significant but small (e.g. 10%) uniform translocation of PH CRAC -GFP from the cytosol to the plasma membrane, this will lead to a decrease of the fluorescence intensity in the cytosol from 100% to 90%. The intensity of the boundary pixels will concurrently increase from 50% of the cytosol value to approximately 73%, which is still lower than the fluorescence intensity of the cytosol. Thus, the detection limit of translocation assays of a GFP-tagged protein from cytosol to membrane is poor when the increase at the membrane is measured. We used two assays to detect potential PtdIns(3,4,5)P 3 signaling at low cAMP concentrations. First, we studied depletion of fluorescence in the cytosol after stimulation with uniform cAMP concentrations, because accurate data can be obtained from the cytosol before and after uniform cAMP stimulation. Second, the increase of fluorescence at the boundary in cAMP gradients was measured, using a novel method to correct for the volume of the cytosol in each boundary pixel.
Dictyostelium cells stimulated with uniform cAMP exhibit a translocation of PH CRAC -GFP to the membrane at very low cAMP concentrations (Loovers et al., 2006; Postma et al., 2004b) . At 0.3 nM cAMP, approximately 45% of the cells showed strong patches of PH CRAC -GFP at the membrane, whereas no detectable increase of PH CRAC -GFP was detectable at the membrane of the other 55% of the cells (Fig. 3A) .
Using the definition of patches (fluorescence intensity at the boundary at least 1.5-fold above the intensity in the cytosol, size above 2 μm and duration above 8 seconds), we discriminated Journal of Cell Science 121 (21) between cells containing a patch and cells that do not. For all 65 cells stimulated by 0.1 to 1 nM cAMP, the depletion of PH CRAC -GFP in the cytosol was measured. The probability distribution for all cells is clearly bimodal, with a population of patch-containing cells showing a 33±7% reduction of the fluorescence intensity of the cytosol after cAMP stimulation (mean ± s.d., n=29), and a population of cells that does not contain a patch but still exhibits 12±7% (n=36) reduction of the fluorescence intensity of the cytosol. The fraction of cells containing depletions of around 20% is small, suggesting a biphasic response at increasing cAMP concentrations: at very low cAMP concentrations (<0.1 nM) a dose-dependent translocation of some PH CRAC -GFP from the cytosol to plasma membrane occurs up to about 12% depletion in the cytosol; higher cAMP concentrations (>0.1 nM) lead to the enhanced depletion of 30% that is associated with the visible strong PH CRAC -GFP patches at the membrane. We conclude that very low uniform cAMP concentrations can induce a significant PtdIns(3,4,5)P 3 response.
To increase the sensitivity of the assay for translocation of PH CRAC -GFP to the membrane of cells in a cAMP gradient, we coexpressed PH CRAC -GFP and the cytosol marker monomeric red fluorescent protein MARS (RFP), and simultaneously obtained confocal fluorescent images of both markers (Fischer et al., 2004) . The fluorescence intensity of RFP provides information on the cytosolic volume of boundary pixels, which can then be used to calculate the membrane component of the PH CRAC -GFP signal. For these calculations we first normalized the RFP signal to the average GFP signal in that cell to correct for differences in expression levels between PH CRAC -GFP and RFP. Then we subtracted the normalized RFP signal from the GFP signal in each pixel element, yielding cytosol-corrected PH CRAC -GFP (ccPH CRAC -GFP; see Materials and Methods for details). Images of the original PH CRAC -GFP and ccPH CRAC -GFP are presented in Fig. 4A for a cell that has a faint PH CRAC -GFP patch at the membrane at around frame 3 and around frame 40; this cell is at a distance of about 100 μm from the pipette. In Fig. 4B , the fluorescence intensity in the boundary pixels is presented in space-time plots, whereas spatial data for frames with and without patches are presented in Fig. 4C , and temporal data for the front and back of the cell are shown in Fig. 4D . In the spacetime plot of the PH CRAC -GFP signal (Fig. 4B, left) , the patches are just visible, but otherwise not much detail can be observed. After correction for the cytosol in boundary pixels, the ccPH CRAC -GFP signal provides more details, with elevated fluorescence in the front region of the frames lacking obvious patches (Fig. 4B, right) . The quantitative data reveal that the boundary PH CRAC -GFP signal in the patch at the leading edge is about 139±12, compared with 95±12 at the side or back of the cell (all mean ± s.d.; n=4). The frames that do not contain a visible PH CRAC -GFP patch also have no statistically significant difference in fluorescence intensity between the front and the side and/or back of the cell (125±9 versus 114±7). After correction for the cytosolic volume of boundary pixels, the ccPH CRAC -GFP signal of patches was 66±3, compared with 6±5 at the side and/or back of the cell. More importantly, the frames that did not contain a visible PH CRAC -GFP patch also exhibited significantly more fluorescence at the front (32±4) than at the side or in the back of the cell (9±4). Cells treated with the PI3K inhibitor LY294002 did not show a significantly different fluorescence intensity of PH CRAC -GFP between the front and back of the cell, neither in the original data nor after cytosol correction (Fig. 4D) .
The cell presented in Fig. 4 was located ~100 μm from the pipette and displayed clear but not very strong PH CRAC -GFP patches. In a steep cAMP gradient at a distance of less than 50 μm from the pipette, strong PH CRAC -GFP patches were observed with a typical PH CRAC -GFP signal of 141±13 in the patch and 69±5 in the back of the cell, showing a ~twofold difference between the front and back of the cell, as has been observed before Xu et al., 2005) . After correction for the cytosol, the ccPH CRAC -GFP values of this cell are 86±11 in the front and 2±4 at the side or back of the cell. The ccPH CRAC -GFP fluorescence signal at the side or back of the cell was not significantly different from zero, which precludes the calculation of a ratio of ccPH CRAC -GFP between the front and back of the cell. The data suggests that, in a steep cAMP gradient, the internal gradient of PtdIns(3,4,5)P 3 is much stronger than previously anticipated, and that the internal gradient of PtdIns(3,4,5)P 3 is also present in shallow cAMP gradients.
Discussion cAMP-stimulated cells exhibit two PtdIns(3,4,5)P 3 responses: a small gradual response in shallow gradients and a strong amplified response leading to a PH CRAC -GFP patch in steep gradients. The small response is detectable when the depletion from the cytosol can be measured accurately (uniform stimulation) or when the response at the membrane can be corrected for the cytosol volume of boundary pixels (cAMP gradient). On the basis of these observations, we define a strong PH CRAC -GFP patch as an area of the boundary of the cell with an uncorrected fluorescence intensity that is more than 1.5-fold higher than the fluorescence intensity of the cytosol; to exclude noise by individual pixels, patches should be larger than 2 μm and last for more than 8 seconds.
The function of PI3K signaling in chemotaxis
We have shown here that inhibition of PI3K signaling with LY294002 or by deletion of two genes, encoding PI3K1 and PI3K2, leads to a significant inhibition of chemotaxis, but only in shallow gradients, in which the control cells have a chemotaxis index of less then ~0.5. In steeper gradients, in which control cells have a chemotaxis index above ~0.8, inhibition of PI3K signaling has far less effect on orientation of the cell.
Cell movement in buffer is best described as a random walk, i.e. cells extend a new pseudopod in a random direction every 30-60 seconds. In shallow gradients, new pseudopodia are still extended in all directions, but are either extended more frequently in the direction of the gradient than in other directions, or retracted less frequently. We suppose that activators and inhibitors regulate the time and place where a new pseudopod is made, and that stimulation of the cAMP receptor will influence the activity of one or multiple of these activators and inhibitors, thereby affecting pseudopod formation. In Dictyostelium, at least four signaling pathways have been implicated in chemotaxis: PI3K, PLA2, a soluble guanylyl cyclase protein (sGC) and cGMP produced by sGC (Veltman et al., 2008) . Each of these chemoattractant-stimulated pathways may produce activators or inhibitors of pseudopodia. In a shallow gradient, in which the probability that a pseudopod is extended in the direction of the gradient is very low, interference with any of these hypothetical activators or inhibitors will lead to a reduction of chemotaxis. Therefore, inhibition of PI3K signaling will reduce chemotaxis in shallow gradients, even though three other parallel pathways are functional. In steep cAMP gradients, amplification of PI3K signaling leads to the formation of PtdIns(3,4,5)P 3 patches. These PtdIns(3,4,5)P 3 patches at the leading edge might help the cell in orienting towards the cAMP gradient, because actin-filament formation is stimulated in regions of the cytosol immediately below the membrane area with a PtdIns(3,4,5)P 3 patch (Funamoto et al., 2002; Parent et al., 1998; Postma et al., 2004b) . However, we did not observed a difference of chemotaxis index between cells with or without PH CRAC -GFP patches that were exposed to the same cAMP gradient. We propose that the PI3K pathway is dispensable for chemotaxis in steep gradients because the other PLA2, cGMP and sGC pathways provide sufficient orientation to yield a chemotaxis index of around 0.8.
In contrast to the absence of a strong effect of PI3K on orientation in steep gradients, we observed that cells with a PH CRAC -GFP patch move towards the pipette about twofold faster than cells without PH CRAC -GFP patches. In addition, we observed that, during uniform cAMP stimulation, pseudopodia extending from areas of the membrane with a PH CRAC -GFP patch are about twofold larger than pseudopodia without PH CRAC -GFP patches. These results suggest that membrane areas with PtdIns(3,4,5)P 3 patches induce extensive actin-filament formation, leading to large pseudopodia and fast forward movement of the cell.
The function of PI3K signaling in chemotaxis can be approached by proposing a 'race' between wild-type and pi3k-null cells towards a point source of chemoattractant. Using the measured speed and chemotaxis indices at different distances from the pipette, the time required by a cell to reach the pipette can be computed ( Fig. 5 ; see Materials and Methods for equations). The pi3k-null cells are at a disadvantage because they have a lower chemotaxis index than wild-type cells far away from the pipette and move slower PI3-kinase in chemotaxis than wild-type cells close to the pipette. As a consequence, wildtype cells at a distance of 450 μm from the pipette are expected to reach the pipette in about 1 hour, whereas pi3k-null cells require 3 hours to tip the pipette. At longer distances from the pipette the situation is even worse, because pi3k-null cells do not exhibit chemotaxis beyond 450 μm. The cells must first reach this threshold distance by random movement before they can pick up the chemotactic signal, which requires about 30 hours when starting at a distance of 1000 μm. By contrast, wild-type cells exhibit significant chemotaxis at 1000 μm from the pipette, predicting that, in 4 hours, wild-type cells move from 1000 μm away to the pipette. Cells with inhibited PI3K activity perform optimally relative to wildtype cells when starting at a distance of about 100 μm from the pipette, a distance at which the chemotactic behavior of cells is usually determined. We have performed the race experiment by exposing a mixture of RFP-labeled pi3k-null cells and GFP-labeled wild-type cells to the same cAMP gradient. Before application of the cAMP gradient, the distribution of both cell types was approximately random (Fig. 5C) . At 50 minutes after exposing cells to the cAMP gradient, many wild-type cells, but only a few pi3k-null cells, had moved close to the pipette (Fig. 5D) . We determined the increase of cell density after application of the gradient as a function of the distance towards the pipette. The pi3k-null cells showed a modest 1.75-fold increase close to the pipette, and no increase beyond 100 to 200 μm from the pipette. By contrast, wildtype cells exhibit a nearly tenfold increase of cell density close to the pipette, and the density is still elevated at 400 μm from the pipette (Fig. 5B) .
In summary, we have addressed three issues on the role of PI3K signaling in chemotaxis that were raised after it was observed that cells lacking PI3K signaling can exhibit excellent chemotaxis. First, parallel PLA2-sGC signaling pathways are responsible for chemotaxis in cells lacking PI3K activity. Second, two functions for PI3K signaling for chemotaxis were characterized, supporting orientation in shallow gradients and speed in steep gradients. Third, despite being dispensable, wild-type cells depend on PI3K signaling to effectively orient and move in a chemotactic gradient. In their natural habitat, cells use chemotaxis to trace bacteria for eating and Table S1 ). Using these data, the displacement in the direction of the pipette due to chemotaxis and random movement was calculated (see Materials and Methods for equations). Presented is the average time needed to reach the pipette from different starting positions. The data predict that PI3K-inhibited cells always arrive later at the source than wild-type cells and perform relatively well when starting from a distance of about 100 μm, but perform increasingly worse at larger distances from the source. (B-D) Experiment. Wild-type cells were transformed with a plasmid expressing cytosolic GFP, whereas pi3k-null cells were transformed with a plasmid expressing RFP. Cells were starved, mixed (wild-type:pi3k-null ratio is 1:3) and exposed to a cAMP gradient from a pipette containing 100 μM cAMP. Confocal images were recorded before (C) and 50 minutes after (D) application of the cAMP gradient. The white dot in the centre in D indicates the position of the pipette; the field of observation is 725ϫ725 μm, recorded as 5ϫ5 tile scans. The cell density was measured at different distances from the pipette before and after stimulation (B). The data show the increase of cell density as means ± s.d. of four determinations.
to form a multicellular structure for survival in the absence of food. In mixtures with wild-type cells, PI3K-deficient cells will be rapidly out competed.
Materials and Methods

Strain and culture conditions
The pi3k-null strain GMP1 has deletions of the pi3k1 and pi3k2 genes (Funamoto et al., 2001) . A cell line expressing the PH domain of CRAC fused to GFP S65T (Parent et al., 1998) was made by electroporation of wild-type AX3 cells with plasmid WF38 (a generous gift of Peter Devreotes, Johns Hopkins University, MD). These PH CRAC -GFP-expressing cells were selected and grown in HG5 medium with 10-40 μg/ml geneticin (Gibco) in dishes to 80% confluency. Cells were harvested and washed twice with 10 mM phosphate buffer, pH 6.5 (PB), and starved in a six-well plate (Nunc) at 80% confluency on 1% agarose in PB until the onset of aggregation.
Definition of PH CRAC -GFP patches
Cells in each frame of a movie were classified as 'cell with patch' or 'cell without patch'. We define a patch as a region at the cell boundary with an average GFPsignal that is ≥1.5 times the mean fluorescence of the cytosol and has a minimum size of 2 μm. To reduce the noise in the data, a patch must be present in at least two consecutive frames (4-8 seconds/frame). Conversely, when a patch disappears, it must be absent for at least two consecutive frames to identify the cell as a 'cell without patch'.
Chemotaxis assays
Cells were harvested at the onset of aggregation, when dark-field waves become visible, and used for three chemotaxis assays. The small-population assay was performed as described (van Haastert et al., 2007) . For the Zigmond-chamber assay (Zigmond, 1977) , cells were deposited under the glass bridge of a modified Zigmond chemotaxis chamber (Veltman and Van Haastert, 2006) . The bridge is ~2 mm wide and supported by two strips of 0.15-mm thickness. A block of agarose (1% w/v in PB) is placed at one side of the bridge and a block of agarose containing the indicated concentration of cAMP in PB is placed at the opposite side, making sure that both blocks make contact with the fluid under the bridge. A gradient is formed across the glass bridge by diffusion of the cAMP from the 'source' block to the 'sink' block. Cells were observed in an area of 100ϫ100 μm at a distance of about 700 μm from the agar block containing cAMP.
A second chemotaxis assay using micropipettes filled with cAMP has often been used for Dictyostelium cells expressing PH CRAC -GFP (Funamoto et al., 2001) . Briefly, a droplet containing cells was deposited on a microscope slide. A micropipette containing 100 μM cAMP (femtotip, Eppendorf) was placed in the field of cells with a micromanipulator. cAMP was released from the pipette by diffusion. In some cases, a compensation pressure of 1 hPa was used. The formation of the cAMP gradient was deduced by measuring the release of the fluorescent dye lucifer yellow (molecular mass=457 Da) from the pipette. The fluorescence intensity at different distances from the pipette was recorded in pixel elements (0.404ϫ0.404 μm) and calibrated using the fluorescence intensity of diluted lucifer yellow added homogeneously to the bath. In this work we report on chemotaxis in stable gradients, which are obtained in about 10 minutes in the Zigmond chamber, but nearly instantaneously in the micropipette assay (Marten Postma and P.J.M.V.H., unpublished) .
The behavior of the cells was recorded using an inverted phase-contrast microscope equipped with a standard CCD camera (JVC TK-C1381), or a fluorescent confocal microscope (Zeiss LSM510) with a Plan-apochromat 63ϫ magnification 1.40 NA oil-immersed objective. The fields of observation were 100ϫ100 μm for the phasecontrast microscope and roughly 150ϫ150 μm for the fluorescence confocal microscope. Images were taken every 4 to 8 seconds. The chemotaxis index, defined as the ratio of the cell displacement in the direction of the gradient and its total traveled distance, was determined as previously described (Veltman and Van Haastert, 2006) . Briefly, the position of the centroid of a cell was determined with ImageJ at 30-second intervals. Using these coordinates, the chemotaxis index and speed of each 30-second step was calculated and averaged, yielding the chemotaxis index and speed of the cell. The data shown are the average and s.e.m. of the chemotaxis indices and speed from at least three independent experiments with about 25 cells per experiment.
Cytosol correction of PH CRAC -GFP in boundary pixels
Pixel elements at the boundary of the cell contain variable amounts of cytosol, which make a large contribution to the total fluorescence intensity of the boundary pixels (see below). When the amount of cytosol in these pixels could be measured, the fluorescence due to association of PH CRAC -GFP with the membrane could be calculated, resulting in a significant increase of the sensitivity to detect PtdIns(3,4,5)P 3 . To correct for the amount of cytosol in pixels at the boundary of the cell, the following approach was applied. Cells expressing PH CRAC -GFP were transformed with plasmid pDM134, which contains a hygromycin-resistance cassette and the entire monomeric red fluorescent protein MARS open reading frame (Fischer et al., 2004) , flanked by an actin-15 promoter and an actin-8 terminator. Cells were selected and grown in the presence of 10 μg/ml geneticin (Gibco) and 50 μg/ml hygromycin B (Invitrogen). Images of these PH CRAC -GFP/RFP cells were recorded using the Zeiss 510 laserscanning microscope using an argon (488 nm) and neon (543 nm) laser, respectively. The movies were imported to and processed with ImageJ. Processing involved subtraction of the average fluorescence of an area devoid of cells, followed by a 1-pixel smoothing step. Subsequently, the GFP/RFP normalization factor was determined for individual cells by manually selecting the interior of the cell (starting at ~1 μm from the cell boundary) and dividing the average fluorescence value of the GFP channel by the average RFP signal. This was repeated for five other frames throughout the movie, the average GFP:RFP ratio was calculated and the RFP channel was multiplied by this GFP:RFP ratio. Finally, the corrected RFP signal was subtracted from the GFP signal in the entire stack of pixel elements of the movie (see supplementary material Movie 1).
The resulting ccPH CRAC -GFP movie was analyzed with a custom version of QuimP (Dormann et al., 2002) . In brief, the membrane intensity was determined at circa 50 points around the cell by averaging the intensity of 3ϫ3 pixels at those positions. The data were imported and further analyzed using Microsoft Excel.
Equations used to calculate cAMP gradients
When a pipette filled with cAMP is inserted in a field of Dictyostelium cells, cAMP will diffuse continuously from the pipette, leading to a stable spatial gradient of which the concentration C(x) and the spatial gradient ٌC(x) are dependent on the distance (x) from the pipette according to: and where C p is the cAMP concentration in the pipette and α is a proportionality constant that depends on the geometry of the pipette and the applied pressure. Using a fluorescent dye we determined experimentally that α=0.05. These equations are both experimentally and theoretically accurate descriptions of the cAMP gradient at a distance beyond 15 μm from the pipette; at shorter distances, more-complex equations are required (Marten Postma and P.J.M.V.H., in preparation).
In the modified Zigmond chamber, cells are deposited under a bridge. A cAMP gradient is formed by placing agar blocks with buffer on one side of the bridge and an agar block with cAMP on the other side (Veltman and Van Haastert, 2006) . After a while, cells experience a gradient with the following properties: and where C s is the cAMP concentration at the source, x is the distance from the source (700 μm) and L is the width of the bridge (2000 μm).
The small-population assay scores the chemotactic response of a population of cells towards a cAMP source that has been applied at some distance away as a single dose. Owing to diffusion in the agar, a transient cAMP gradient is formed that is maximal with the following properties (Mato et al., 1975) : and where r is the radius of the cAMP droplet (150 μm), x is the distance between cell population and cAMP source (250 μm), and C d is the applied cAMP concentration in the droplet.
Threshold for observing translocation of the cytosolic marker to the membrane We are interested in the amount of depletion of PH CRAC -GFP from the cytosol that leads to a significant increase of the fluorescence intensity at the membrane above the level of the cytosol. A confocal image of a cell is composed of internal pixel elements and boundary pixel elements. The pixel elements have dimensions of 400ϫ400ϫ1000 nm in the x, y and z direction, respectively, with a volume of 0.16 μm 3 . The fluorescence intensity of an internal pixel element is I c , and the average fluorescence intensity in the boundary pixel element is I b . The boundary pixel elements consist of extracellular, intracellular and membrane volume. The membrane has a thickness of about 5 nm, which implies a volume of the membrane in a boundary pixel element that is maximally 1.4ϫ400ϫ1000ϫ5=0.28ϫ10 -3 μm 3 , or 0.175% of
the pixel volume. Therefore, the volume of the average boundary pixel consists of nearly 50% extracellular and 50% intracellular medium. The fluorescence intensity of the boundary pixel element is thus I b =I m +0.5I c , where I m is the fluorescence intensity associated with the plasma membrane. Assume that the total number of pixel elements is n and the fraction of boundary pixel elements is a. Assume that, before cAMP stimulation, all PH CRAC -GFP is localized in the cytosol, then 
The fraction of pixel elements at the boundary (a) depends on the size of the pixels, and the size and shape of the cell. For a spherical cell with radius of 5 μm and pixel elements as indicated above, we estimate a=0.24, and for an elongated cell with length of 15 μm and radius 4 μm we estimate a=0.30. Using three-dimensional reconstruction of a cell expressing a transmembrane protein membrane, we observed a=0.26.
Supplementary material Fig. S1 shows that, for a=0.25, the fluorescence intensity of the boundary pixel elements becomes higher than the fluorescence intensity of the cytosol (I b /I c >1) when the depletion in the cytosol is above 12%. Thus, cAMP-induced translocations of PH CRAC -GFP smaller than 12% cannot be easily detected at the boundary of the cell. This threshold for detecting translocation to the membrane will be smaller (i.e. more easily detected) when pixels elements are smaller, because the number of interior and boundary pixel elements increase with the power of three and two, respectively, by which the fraction of boundary pixels (a) decreases.
Equations used to calculate cell movement in cAMP gradients
A cell at time t and position x from the pipette has a speed of v(x,t) and chemotaxis index of CI(x,t). The distance ΔA(x,t) moved towards the pipette at that position during a time interval Δt is given by:
where ΔA(x,t)=v(x,t)CI(x,t)Δt is the distance moved towards the pipette due to chemotaxis and Δ is the distance moved in the direction of the pipette due to random movement.
The distance moved after a large time period t is given by:
This equation was numerically solved for different start positions x s to obtain A(x,t)=A(x s ,t s ), i.e. the time t s to reach the source of chemoattractant. The chemotaxis index CI(x) at distance (x) from the pipette was calculated from the spatial gradient (see above) and the fitted chemotaxis index at different spatial gradients obtained, as shown in Fig. 2D: where α=0.05, C p =10 8 pM, CI MAX =0.9, K=26 pM/μm and n=0.9 for wild-type cells, and K=166.5 pM/μm and n=1.28 for pi3k-defective cells.
The speed v(x) at distance (x) from the pipette is given by:
where v 0 and v p are the speed of cells without and with patch, respectively, obtained from supplementary material Table S1 , and F(x) is the fraction of cells with a patch from Fig. 1B (the fitted curve is:
where σ is the maximal fraction of PtdIns(3,4,5)P 3 patches, and β is the distance at which half-maximal patches are observed; σ=0.8 and β=50 μm). Calculations were performed with v 0 =10 μm/minute for both wild-type and pi3k-defective cells, and v p =19 μm/minute for wild-type cells with a patch.
